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博士論文要約 
When it comes to solid-state hydrogen storage materials, a high hydrogen density and moderate 
thermodynamic and kinetic properties of de/rehydrogenation reactions are required. These requirements have 
hardly been satisfied by one particular compound. For example, boron based-complex hydrides, M(BH4)n 
(when M = Li, Na, K, n = 1; when M = Mg, Ca, n = 2) exhibit the highest gravimetric hydrogen density (>10 
mass%) among all kinds of hydrogen storage materials. Their dehydrogenation reactions, however, either 
require high temperatures (i.e., beyond 700 K) or have to undergo a complicated process. Moreover, the full 
rehydrogenation of most M(BH4)n is nearly impossible. On the other hand, transition metal based-complex 
hydrides such as Mg2FeH6 can nevertheless release hydrogen at moderate temperatures and be 
rehydrogenated without capacity loss, but their gravimetric hydrogen density is comparatively low.  
Combining complex hydrides has proved to be effective in modifying the de/rehydrogenation properties. 
Previous studies have shown that by combining with Mg2FeH6, the dehydriding temperature of LiBH4 
decreased. However, the optimized ratio of the two complex hydrides has not been clarified and neither has 
the mechanism of reaction between them. Furthermore, the effect of combining Mg2FeH6 on the 
dehydrogenation properties of other M(BH4)n (M = Li, Na, K, Mg, Ca) has not been reported upon.  
This thesis investigates these gaps in the knowledge by synthesizing the composite materials between 
M(BH4)n and Mg2FeH6 with various composition ratios via ball milling and studying the de/rehydrogenation 
properties. The thesis is composed of seven chapters, and the main contents of each are summarized as 
follows. 
Chapter 1: Introduction 
This chapter introduces the background of this thesis. 
Hydrogen is a clean and highly efficient energy resource. It is expected to replace fossil fuel and be widely 
used in fuel cell vehicles, power stations, and various industries. Hydrogen storage is one of the most 
important issues in the application of hydrogen energy. Compared with the traditional storage methods such 
as pressurized hydrogen gas or liquid hydrogen, solid-state hydrides exhibit a clear advantage owing to their 
high hydrogen density and good operability at ambient temperatures and pressures. The US Department of 
Energy has set targets for hydrogen storage systems, stating that by 2017 they should have a gravimetric 
density beyond 5.5 mass% and a volumetric density beyond 40 kg/m3 [1]. Almost all of the solid-state 
hydrides have already fulfilled these targets. 
Boron based-complex hydrides M(BH4)n (when M = Li, Na, K, n = 1; when M = Mg, Ca, n = 2) exhibit the 
highest hydrogen density among all kinds of solid-state hydrides, usually larger than 10 mass%. The problem 
of M(BH4)n is their high dehydriding temperature (i.e., beyond 700 K) and the complicated 
de/rehydrogenation process [2-7]. 
On the other hand, the de/rehydrogenation processes of transition metal based-complex hydrides such as 
Mg2FeH6 or Mg2NiH4 are quite simple and the required temperatures are comparatively low. According to 
reports on the thermodynamic property of Mg2FeH6 [8], its dehydriding temperature at 0.1 MPa H2 is 
approximately 585 K. 
To modify the dehydrogenation properties of M(BH4)n, the precedence studies reported that combining 
with Mg2FeH6 is effective in reducing the dehydriding temperature of LiBH4 [9-12], though the optimized 
composition and the reaction mechanisms in these studies are not in agreement: in the reports investigating 
2LiBH4 + Mg2FeH6, the two complex hydrides reacted together [9, 10], while in the reports investigating 
5LiBH4 + Mg2FeH6, LiBH4 reacted with the dehydriding products of Mg2FeH6 [11, 12]. Meanwhile, the effect 
on the dehydrogenation properties of other M(BH4)n when combined with Mg2FeH6 has not been reported. 
Chapter 2: Purpose and framework 
This thesis aims to synthesize the composite materials between M(BH4)n (M = Li, Na, K, Mg, Ca) and 
Mg2FeH6 with various composition ratios and investigate the de/rehydrogenation processes systematically. 
The background, the synthesis, and the analyzing methods are introduced in Chapters 1 and 3, and the 
experimental results are explained from Chapter 4 to 6. 
Chapter 3: Materials and methods 
This chapter explains the synthesis and analyzing methods. Composite materials (1−x)M(BH4)n + 
xMg2FeH6 (when M = Li, Na, K, n = 1; when M = Mg, Ca, n = 2; 0.17 ≤ x ≤ 0.9) were synthesized via the ball 
milling of M(BH4)n and Mg2FeH6 for 5 h under Ar atmosphere. The crystal structures and microstructures of 
the synthesized samples were examined by X-ray diffraction (XRD) and scanning electron microscopy 
(SEM). The dehydrogenation reactions during heating were measured by thermogravimetric mass 
spectroscopy (TG-MS). The state of B−H and Fe−H bonding before and after ball milling and during the 
dehydrogenation reactions was measured by in-situ infrared spectra (IR). The thermodynamic parameters, 
enthalpy changes (ΔH), and entropy changes (ΔS) of the dehydrogenation reactions were determined by a 
pressure-composition isothermal measurement (PCT). 
Chapter 4: Composition ratio and M(BH4)n dependences of the dehydrogenation properties 
(M = Li, Na, K, Mg, Ca) 
This chapter aims to explain how the dehydrogenation properties of the composite materials of 
(1−x)M(BH4)n + xMg2FeH6 (0.17 ≤ x ≤ 0.9) depend on the composition ratio and the cation M (M = Li, Na, K, 
Mg, Ca). This is done by systematically studying the dehydrogenation processes during heating by TG-MS. 
XRD analyses showed that after ball milling for 5 h, new phases in (1−x)M(BH4)n + xMg2FeH6 were not 
observed. Even though considered to be just uniform mixtures, the composite materials showed featured 
dehydrogenation processes. As an example, the TG-MS results of (1−x)LiBH4 + xMg2FeH6 are shown in 
Fig.4-1. The dehydrogenation of Mg2FeH6 started at approximately 440 K and reached 500 K. 5.0 wt% was 
lost, which suggests that the following reaction occurred:  
Mg2FeH6 → 2Mg + Fe + 3H2                                                                      (4-1) 
Meanwhile, LiBH4 melted at 560 K with a slight release of hydrogen. The main dehydrogenation started at 
approximately 650 K and at its peak exceeded 730 K. The reaction was as follows: 
LiBH4 → LiH + B + 3/2H2                                                                         (4-2) 
The dehydriding temperatures of (1−x)LiBH4 + xMg2FeH6 were between those of Mg2FeH6 and LiBH4 
and decreased as the composition ratio x of Mg2FeH6 increased. The dehydrogenation process showed a 





Fig.4-1 TG-MS profiles of (1−x)LiBH4 + xMg2FeH6 (0.17 ≤ x ≤ 0.9) [13] 
Similar dehydrogenation processes have been observed in (1−x)M(BH4)n + xMg2FeH6 having the other M 
= Na, K, Mg, Ca. Furthermore, when the molar ratio of BH4 to FeH6 was the same, the dehydriding 
temperatures of the composite materials gathered in a narrow range despite the difference in the 
thermodynamic stability of M(BH4)n. A comparison of the dehydriding temperatures of the composite 
materials with M(BH4)n is shown in Table.4-1.  
 
Table.4-1 Comparison of the dehydriding temperatures of (1−x)M(BH4)n + xMg2FeH6        
with the M(BH4)n. (when M = Li, Na, K, x = 0.75; when M = Mg, Ca, x = 0.86) [14] 
M(BH4)n (1−x)M(BH4)n + xMg2FeH6 
M Tdehydr. (K) Tdehydr. (K) Hydrogen density (wt%) 
Li 653 590 5.9 
Na 838 590 5.7 
K 857 570 5.4 
Mg 500 610 5.8 
Ca 600 610 5.7 
 
By combining with Mg2FeH6, the dehydriding temperature of LiBH4 decreased by a maximum of 
approximately 150 K (x = 0.9), whereas those for NaBH4 and KBH4 decreased by approximately 240 K and 
410 K, respectively. The dehydrogenation processes of pure Mg(BH4)2 and Ca(BH4)2 during heating last for a 
wide temperature range more than 100 K. For example, the dehydrogenation of Mg(BH4)2 starts from 500 K 
and ends beyond 650 K. By combining with Mg2FeH6, their dehydrogenation processes have been simplified 
and the dehydriding temperature gathered in a narrow range. These results suggest that combining with 
Mg2FeH6 is an effective way to reduce the dehydriding temperatures and simplifying the dehydrogenation 
processes of M(BH4)n. The mechanism of the special simultaneous dehydrogenation of Mg2FeH6 and 
M(BH4)n, however, still needs to be clarified. 
Chapter 5: Mechanism of the simultaneous dehydrogenation (M = Li) 
This chapter aims to clarify the mechanism governing the reaction between M(BH4)n and Mg2FeH6. M = Li 
has been selected here as a test case. In order to understand the interaction between the BH4 and FeH6 anions, 
isotopically pure Mg2FeD6 and the composite materials of (1−x)LiBH4 + xMg2FeD6 were synthesized. The 
hydrogen/deuterium (H-D) exchange between BH4 and FeD6 was monitored by TG-MS and in-situ IR. The 
thermodynamic parameters of the dehydrogenation reactions were then studied by PCT measurements. The 
kinetic properties were also discussed.  
The TG-MS result of 0.75Mg2FeD6 + 0.25LiBH4 is shown in Fig.5-1. In the MS spectra, the overlapping 
peaks of H2 and D2 appeared at the same temperature range, which was between 570 K and 610 K; this 
proved that LiBH4 and Mg2FeD(H)6 dehydrogenated simultaneously. Apart from the H2 and D2 peaks, an HD 
signal appeared, indicating that an H-D exchange possibly occurred between the BH4 and FeD6 anions. 
 
Fig.5-1 The TG-MS profile of 0.25LiBH4 + 0.75Mg2FeD6 and the illustration of the H-D exchange [15] 
In-situ IR was used to prove the H-D exchange. The results suggest that the H-D exchange had already 
occurred during the ball milling because the Fe–H and B–D stretching modes appeared at room temperature. 
When heated up, the intensity of the Fe–H and B–D stretching peaks were getting greater when compared to 
those of the Fe–D and B–H stretching peaks, which proved that the H-D exchange was promoted during the 
heating process [15]. 
By the same method, it was confirmed that the H-D exchange also occurred in the LiBH4 rich 
compositions, such as in 0.75LiBH4 + 0.25Mg2FeD6. The H-D exchange, therefore, is considered to be one of 
the important reasons behind the simultaneous dehydrogenation.  
By measuring the equilibrium pressure of the dehydrogenation reactions isothermally, the reaction of 
LiBH4 + Mg2FeH6 → LiH + Fe + B + 2MgH2 + 5/2H2 was found to exist in all of the (1−x)LiBH4 + 
xMg2FeH6 compositions (x = 0.75, 0.5, 0.34). The equilibrium pressure of this reaction was higher than that 
of either pure LiBH4 or Mg2FeH6 when measured at the same temperature. This result suggests that the 
composite material had improved dehydrogenation properties when compared to LiBH4 or Mg2FeH6.  
In order to explain the reaction mechanism, the thermodynamic parameters, enthalpy change (ΔH), and 
entropy change (ΔS) were calculated by the van’t Hoff equation, which utilizes the relation between the 
equilibrium pressure and the reacting temperature. The thermodynamic parameters agreed with the 
simultaneous dehydrogenation behavior of (1−x)LiBH4 + xMg2FeH6 in the TG-MS measurement. The single 
MS peak of the Mg2FeH6 rich compositions was a result of the slow kinetic property of the reaction between 
LiBH4 and Mg2FeH6 and the low H2 back pressure of the TG-MS measurements.  
Chapter 6: Rehydrogenation properties (M = Li) 
Cyclability is also one of the most important requirements for hydrogen storage materials. This chapter 
aims to clarify the temperature and pressure required in order for full rehydrogenation to take place and for 
the cyclability of the simultaneous reaction between LiBH4 and Mg2FeH6 to occur.  
When the products (LiH + Fe + B + MgH2) of the simultaneous dehydrogenation of LiBH4 and Mg2FeH6 
underwent heat treatment at 673 K for 24 h under 20 MPa H2, the complete rehydrogenation of LiH + Fe + B 
+ 2MgH2 + 5/2H2 → LiBH4 + Mg2FeH6 succeeded. Moreover, after five cycles of de/rehydrogenation, only a 
small loss in hydrogen capacity occurred. The temperature and pressure needed for the rehydrogenation of 
the simultaneous dehydrogenation of LiBH4 and Mg2FeH6 were much lower than that were required for the 
rehydrogenation of pure LiBH4, which were 35 MPa H2 and 873 K [16]. 
Chapter 7 Summary 
This chapter summarizes the main results of each chapter. The findings indicate that the composite 
materials of M(BH4)n and Mg2FeH6 had improved de/rehydrogenation properties when compared to the 
parent compounds. The great variety of compounds meant that by adjusting the components of the transition 
metal based-complex hydrides as the parent compound, a series of composite materials with optimized 
thermodynamic and kinetic properties could be developed and used as practical hydrogen storage materials. 
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